The Drosophila obscura species group shows dramatic variation in karyotype, including transitions among sex chromosomes. Members of the affinis and pseudoobscura subgroups contain a neo--X chromosome (a fusion of the X with an autosome), and it was shown that ancestral Y genes of Drosophila have become autosomal in species that contain the neo--X. Detailed analysis in species of the pseudoobscura subgroup revealed a translocation of ancestral Y genes to the small dot chromosome of that group. Here, we show that the Y--dot translocation is restricted to the pseudoobscura subgroup, and translocation of Y genes in the affinis subgroup followed a different route. We find that most ancestral Y genes moved independently to autosomal or X--linked locations in different taxa of the affinis subgroup, and we propose a dynamic model of sex chromosome formation and turnover in the obscura species group. Our results show that Y genes can find unique paths to escape an unfavorable genomic environment.
genomic environment of a neo--Y chromosome, where they suffered the deleterious effects of genetic linkage to a large number of selective targets. Results Y--dot translocation is only present in the pseudoobscura subgroup The pseudoobscura subgroup consists of five described species, and we recently completed chromosome--level genome sequences for three of them [29, 16] . For each of the three species (D. lowei, D. miranda, D. pseudoobscura), the dot chromosome was assembled in a single contig (Figure 2, Table 1,  Supplemental Figure 1) . Importantly, in each species we detect the five ancestral Y genes assembled in a single genomic fragment, ranging from 180 -357kb. This fragment is in the same position at the end of each assembled chromosome although inverted in D. miranda relative to D. lowei and D. pseudoobscura (Figure 2, Supplemental Figure 2) . Thus, our analysis clearly supports that ancestral single--copy Y genes fused as a single segment to the dot chromosome in flies of the pseudoobscura subgroup [16, 22, 23] . As expected, we find no ancestral Y genes on the dot chromosomes in obscura species that lack the Muller A/D fusion (that is, D. subobscura or D. bifasciata; Figure 2 , Table 1 ). This is consistent with the hypothesis that the formation of the neo--sex chromosomes causes problems in meiosis, thus driving the fusion or translocation of the ancestral Y chromosome and the dot. Surprisingly, however, we also could not find any ancestral Y genes on the dot chromosome in our high--quality assemblies of two semispecies of D. athabasca (Eastern--A (EA) and Eastern--B (EB)), or in a chromosome--level assembly of D. affinis or D. azteca (Figure 2, Table 1 ). This is unexpected, since the Y--dot translocation is thought to be shared by members of the affinis and pseudoobscura subgroups. As mentioned above, none of the ancestral Y genes were found to be male--limited in D. affinis and most other species in this subgroup, and Y--linkage of Ary, kl--2 and Ory in some lineages was interpreted as these genes gaining Y--linkage secondarily [28] . Consistent with the PCR results [28] , we find all five ancestral Y genes in female Illumina libraries from D. affinis and D. azteca (Figure 3) . Likewise, we detect kl--3, Ory and Ppr--Y in reads from a female D. algonquin library but not kl--2 or Ary. We find that kl--3 and Ppr--Y are present in female D. athabasca but not Ary, kl--2, and Ory (Figure 3) . Each of the ancestral Y genes, however, is clearly present in reads from a male genomic library of D. athabasca, implying that copies of these genes are found on the male-limited Y chromosome. Genomic read coverage suggests that some of the ancestral Y genes may be present in multiple copies. For example, median read coverage in male and female D. athabasca supports one autosomal copy of kl--3, one Y--linked copy of Ary, while increased male read coverage suggests two Y--linked copies of kl--2, and multiple Y--linked copies (or parts of) for Ory and Ppr--Y (Figure  3) . Likewise, read--coverage analysis supports multiple (possibly partial) copies of Ary and kl--2 in female D. azteca, and possibly multiple (partial) copies of Ory and Ppr--y in female D. affinis (Figure 3 ).
Independent incorporation of kl--3 and Ppr--Y on Muller B of D. athabasca
If not on the dot chromosome, where are ancestral Y genes found in affinis flies? Consistent with our coverage analysis and PCR results [28] , we find kl--3 and Ppr--Y to be contained in both of our female assemblies of EA and EB D. athabasca, but not Ary, kl--2 and Ory. Surprisingly, however, both of these genes are located on Muller B, in different chromosomal locations (Figure 4 , Supplemental Table 1 ). In particular, we find Ppr--Y on the short arm of Muller B (around 1.7 Mb), while kl--3 is located on the long arm (around 37.7Mb) in the EB assembly, and their locations are conserved in the EA semispecies. Thus, unlike the Y--to dot translocation in the pseudoobscura subgroup, we find that kl--3 and Ppr--Y moved independently away from the Y chromosome to a different autosome in D. athabasca. We could not find Ary, kl--2 and Ory in our female assembly by BLAST, consistent with our Illumina read mapping and PCR results [28] . Ancestral Y genes in D. melanogaster are expressed almost exclusively in testis [30] . Testis expression patterns of ancestral Y genes have been conserved for pseudoobscura subgroup flies, where they moved as a single piece to the dot chromosome [16, 23] . We used RNA--seq data from different male and female samples (male and female whole larvae, male and female adult and larvae heads; adult testis and ovaries) to investigate sex--and tissue--specific expression patterns of ancestral Y genes from both EA and EB D. athabasca. Consistent with these genes having important functions in Drosophila spermatogenesis, we find that they are all highly expressed in testis of D. athabasca ( Table 2 ). Thus, both the genes that have stayed behind on the Y chromosome (Ary, kl--2, Ory) but also those that moved to an autosome (Ppr--Y, kl--3) have maintained their male--specific expression profile. Thus, our analysis confirms that Ary, kl--2 and Ory are still present in the male genome of D. athabasca but not in females, i.e. these genes are located on the Y chromosome in this species. This is consistent with the PCR results of [28] . However, while they assumed that the Y--dot translocation was shared by pseudoobscura/affinis flies and therefore interpreted their PCR screen of Ary, kl--2 and Ory being only present in males as them becoming Y--linked secondarily, a simpler explanation is that these genes never left the Y. Our data indicate that the Y--dot translocation is unique to flies in the pseudoobscura subgroup, and we show that kl--3 and Ppr--Y independently became autosomal in D. athabasca.
Independent Y gene gain in D. affinis and D. azteca
In most species in the affinis subgroup (of which D. athabasca is a member), ancestral Drosophila Y genes are present in both sexes (Figure 3 ) [20, 28] . This was interpreted as a single Y--dot translocation moving all ancestral Y genes to an autosome [22, 28] , but a lack of Y genes on the dot of D. athabasca and D. affinis argues against this scenario, and our results from D. athabasca suggest that ancestral Y genes may have been moved independently to autosomal locations in different species. To test this hypothesis, we analyzed high--quality genomes from D. affinis, a sister species to D. athabasca from which it diverged <3MY ago [31] , and D. azteca (which diverged <6MY ago; Beckenbach et al. 1993) , two species for which all ancestral Y genes were found in both sexes. Indeed, we find copies for each ancestral Y gene in the female assembly of both species, but at strikingly diverse genomic locations (Figure 4) . In particular, four of the 5 ancestral Y genes are found on different chromosomal locations in the D. affinis genome: kl--2 is on Muller--C (at 9.2Mb), kl--3 is on Muller B (10.0 Mb), Ary is on Muller E (9.8 Mb) and Ory and Ppr--Y appear to have translocated together onto Muller B (15.6 Mb). Comparisons of flanking regions suggest that the translocation of kl--3 occurred in an ancestor of D. affinis / D. athabasca, as kl--3 is surrounded by the same genes in both species (Figure 5A) . Ppr--Y, on the other hand, is found on non--homologous positions between D. affinis / D. athabasca, suggesting that this gene moved independently to Muller B in the two species. The kl--2 translocation on Muller C in D. affinis appears to have only occurred in this species (Figure 5A ). Likewise, ancestral Y genes in D. azteca are located in different regions of the female genome assembly (Figure 4) . Ppr--Y, kl--3 and Ory are found next to each other on Muller B (10.0 Mb), suggesting that they moved in one piece, and comparisons of flanking genes suggest that kl--3 is located on a homologous position in D. affinis and D. athabasca (Figure 5A) . Comparisons of this region in the D. pseudoobscura and D. subobscura genomes show that this Y gene translocation occurred at an affinis subgroup specific inversion breakpoint (i.e, breakpoint relative to the subobscura/pseudoobscura subgroups), which limits our understanding of the size of the translocation. Our findings suggests that kl--3 moved to Muller B in an ancestor of the affinis subgroup, and this initial translocation may have also included Ppr--Y and Ory, which were lost in the lineage leading to D. athabasca. An additional inversion may have moved Ppr--Y and Ory close to the pericentromere in D. affinis (but note that the long arm of Muller B appears completely syntenic between D. affinis and D. azteca, arguing against simple inversions; Supplemental Figure 3 ). Ppr--Y and Ory could also have moved secondarily onto the long arm of Muller B in D. azteca and independently in D. affinis, and Ppr--Y moved independently onto the short arm of Muller B in D. athabasca. Under either scenario, our results support a dynamic evolutionary history of ancestral Y gene movement in flies of the affinis subgroup. In D. azteca, we find that Ary and kl--2 moved together to Muller A (the ancestral X chromosome), and both appear to be duplicated next to each other in opposite directions, with about 180 kb of sequence in between them (Figure 5B) . This insertion appears close to, or in, the pericentromere as the region has high repeat density and shows sequence similarity with pericentromeric regions in D. athabasca and D. affinis. (Figure 5B) . The sequence in between the Ary/kl--2 duplication is almost entirely composed of repeats (75.1% repeat masked), and may thus be derived from the Y chromosome. The overall arrangement of Ary and kl--2 resembles the palindrome structure of multicopy genes on the human Y chromosome [32, 33] , but it is unclear if this arrangement arose before or after these genes moved onto Muller A. In summary, the absence of the Y--dot fusion, and a lack of conservation of location for most ancestral Y genes in the affinis subgroup indicates that genes moved away independently from the Y in this clade. Y genes in D. melanogaster can be gigantic, due to huge introns [30] and require unique gene expression programs [34] . Multiple independent translocations of ancestral Y genes suggest that the Y chromosome may have been smaller in obscura subgroup flies compared to D. melanogaster, which is consistent with karyotypic findings [23] .
Discussion
The obscura species group of Drosophila provides a fascinating clade to study karyotype evolution [29] , and it contains multiple sex chromosome transitions. Neo--sex chromosomes formed independently in different clades, including the fusion of the ancestral X with Muller D roughly 15MY ago, but also more recent fusions of Muller C with the Y chromosome in D. miranda and in some semispecies of D. athabasca, which allows us to reconstruct the events transforming an autosome into differentiated sex chromosomes. Intriguingly, however, we also observe the independent incorporation of ancestral Y genes in different species of affinis and pseudoobscura subgroup flies. The ancestral Y of Drosophila contains both single--copy genes and the multicopy rDNA cluster [22, 35, 36] . FISH studies have shown that the rDNA cluster is present on both the X and Y chromosome in multiple species of obscura flies, including members from the obscura, affinis and pseudoobscura subgroups [22] . This suggests that this is the ancestral configuration of the rDNA cluster, and its location on the Y was maintained even in species where single--copy Y genes translocated to the dot (pseudoobscura subgroup) or other chromosomes (affinis subgroup). While we cannot reconstruct the early events of sex chromosome evolution in the obscura group with certainty, we propose the following model that accounts for the genomic location of ancestral and newly formed sex--linked genes (Figure 6) . In an ancestor of the affinis/pseudoobscura subgroups, the ancestral X fused to Muller D, and formed the second arm of the X chromosome found in all species belonging to these two subgroups. Such a fusion leaves the unfused Muller D, and the ancestral Y chromosome, and their fate has been less clear. Given Y--linkage of rDNA genes in species from all groups in obscura flies, this suggests that the rDNA cluster was ancestrally on the Y, and all species have incorporated at least part of the ancestral Y into their current Y [22] . Additionally, some species in the affinis subgroup (D. athabasca, D. algonquin) have maintained ancestral single--copy Y genes on their current Y (see above; [28] . Furthermore, an over--abundance of Muller D genes was found on the current Y chromosome of D. pseudoobscura and D. miranda [16, 20, 27] , suggesting that Muller D (or part of it) also became incorporated into the Y of pseudoobscura subgroup flies. Thus, the simplest explanation for the current gene content of the Y in species with the X--D fusion is that Muller D also fused to the ancestral Y. Indeed, it is possible that the Y--D fusion actually preceded the X--D fusion, mimicking the current Y--autosome fusions found in D. miranda and D. athabasca, which would leave males with two un--linked X chromosomes. The fusion between either the X or Y chromosome and Muller D would generate a trivalent in males (that is, an X--D fusion creates two Y chromosomes in males, while a Y--D fusion would create two X's in males that need to pair with one Y) and create problems in meiosis, resulting in higher rates of aneuploidy. This could rapidly select for a second fusion of Muller D with the unfused sex chromosome, as was experimentally demonstrated in a hybrid population of D. albomicans (a species that contains both a X--autosome and Y--autosome fusion) and its sister species D. nasuta that lacks neo--sex chromosomes [37] . If Muller D fused with both the ancestral X and Y, this should alleviate problems associated with segregating a trivalent. Ancestral Y genes then secondarily translocated to autosomal or X--linked locations, either as a single unit to the dot chromosome in an ancestor of the pseudoobscura subgroup, or individually in species of the affinis subgroup (Figure 6) . What might drive the relocation of ancestral Y genes? Becoming linked to a gene--rich chromosome will present a novel challenge for genes with important functions in spermatogenesis that have managed to survive for millions of years on a non--recombining Y chromosome. In particular, evolutionary models to explain the degeneration of a Y are based on interference among selected mutations on a non-recombining chromosome [38, 39] . Theory and computer simulations have shown that the magnitude of selection interference, and thus the rate of degeneration, depends on the number of functional genes present on the Y chromosome [40] . Gene loss is highest on a gene rich Y chromosome, but declines rapidly as active genes are lost [40] . While old, degenerate Y chromosomes may provide safe havens for important male--specific genes, ancestral Y genes suffer the deleterious effects of genetic linkage to more selective targets when fused to an autosome containing 1000s of functional genes. Their translocation may thus be driven to avoid mutation accumulation and degeneration on the neo--Y where purifying selection is highly impaired. This resembles the fate of a Y gene (kl--5) in the testacea group species of Drosophila that duplicated to the dot chromosome [41] . The dot, like the Y chromosome, lacks recombination but contains about seven times more genes. It was shown that slightly deleterious mutations have accumulated in the dot--linked copy of kl--5 faster than in the Y--linked copy [41] , consistent with the copy on the dot suffering the deleterious effects of genetic linkage to more selective targets compared with the Y chromosome. Thus, our findings suggest a turbulent history of Y genes in the obscura group. After being protected from the accumulation of deleterious mutations on the gene--poor ancestral Y for millions of years, linkage to Muller D would have caused massive selective interference and degeneration of these genes. Y genes in the pseudoobscura subgroup escaped to a suboptimal genomic environment on the dot chromosome, while ancestral Y genes in the affinis subgroup began to duplicate or translocate to other autosomal locations. Therefore, a highly degenerate Y chromosome may not be that inhospitable as commonly assumed, and may instead be a safe haven for male--beneficial genes. A noticeable commonality between several of the ancestral Y gene translocations is that their autosomal copies are often found near heterochromatin. Ancestral Y genes fused to the heterochromatic dot chromosome in the pseudoobscura subgroup, Ary/kl--2 are adjacent the pericentromere on Muller A in D. azteca, and Ory/Ppr--Y are near the pericentromere on Muller B in D. affinis (Figure 4) . In addition, we found fragments of Y--linked genes in the pericentromeres of several other species (Supplemental Table  2 ). This suggests that ancestral Y genes may have an affinity for heterochromatin, and non--allelic homologous recombination between the repeat--rich Y chromosome and repetitive autosomal regions could facilitate movement of ancestral Y genes. Additionally, heterochromatin may be a preferential location for ancestral Y genes, as their regulatory machinery has evolved in a heterochromatic environment on the ancestral Y. Methods Seven of the Drosophila obscura group genome assemblies (D. athabasca EA and EB, D. lowei, D. miranda, D. pseudoobscura, D. subobscura, D. bifasciata) used in our analyses are described in detail in [16] , [29] and Bracewell et al. (submitted) and are available through GenBank. For D. affinis, we used a newly generated PacBio--based genome assembly kindly provided by Rob Unckless. For D. azteca, we downloaded the most recent version from GenBank (accession GCA_005876895.1) and additional details can be found at NCBI Bioproject PRJNA475270. To assign D. azteca contigs/scaffolds to Muller elements we used D--Genies [42] to perform whole genome alignments with our other chromosome-level genome assemblies. During genome alignments and BLAST searches (below), we flagged contig VCKU01000055.1 as chimeric as it is a composite of sequences that map uniquely to different pericentromeric regions on all chromosomes in other assemblies. After identifying the Muller F from all assemblies, we generated alignments and dot plots using MUMmer [43] with NUCmer ----mum --c 200 and mummerplot with the ----filter option. To find ancestral Y genes we used the annotation file (gtf) and dot (Muller F) assembly from [23] along with gffread (https://github.com/gpertea/gffread) to generate transcripts of ancestral--Y genes for use in BLASTN searches with obscura group genome assemblies (above). We retained the longest transcript for these five genes (see Supplemental fasta file). To further confirm our BLASTN results, we downloaded all D. melanogaster translations (r6.30) from FlyBase (flybase.org) and used TBLASTN to again search all obscura group assemblies. BLASTN and TBLASTN searches had colocalized hits, except for Ppr--Y, which was only found using BLASTN searches with the obscura group transcript. Results from BLASTN searches can be found in Supplemental Table 2 . Only hits with ≥ 80% sequence identify were kept. BLAST Searches of D.azteca for kl--3, Ppr--Y and Ory also returned high--scoring hits to contig VCKU01000055.1 which are not shown due to it likely being an assembly artifact. To estimate sequencing coverage over genes we generated whole genome sequencing data (Illumina) for an individual female of D. azteca and D. affinis, and males and females of D. athabasca. We extracted DNA from each individual using a Qiagen DNeasy kit following manufacturers recommendations. DNA libraries were prepared using the Illumina TruSeq Nano Prep kit and sequenced on a Hiseq 4000 with 100 bp PE reads. We downloaded D. algonquin Illumina data that have previously been deposited with the SRA (accession SRR5768634). To estimate coverage over genes, we used as a reference the longest D. athabasaca (EB) transcript for each gene from MAKER annotations [29] along with the D. pseudobscura transcripts for kl--2, Ary and Ory. We then used BWA MEM [44] to map all paired--end Illumina reads as single--end reads to these transcripts. Samtools [45] was used to manipulate files and coverage over each transcript (gene) was estimated from the bam files using bedtools genomecov and groupBy [46] . Muller elements are color--coded as in Figure 1 and identified in D. subobscura. The vertical lines connect genes found in homologous positions. Note that Muller C fuses to Muller A--AD in some D. athabasca, but for simplicity is not shown. 
